Background and Purpose-Although cerebral white matter lesions (WMLs), silent infarcts (SIs), and microbleeds (MBs) are individually associated with poorer gait and balance, it is unknown if they interact. We studied the interactions of WML volume with SI and MB on gait and postural stability. Methods-Participants in a population-based study aged 60 to 86 years underwent brain MRI, computerized gait measurement, and a physiological profile assessment of postural stability. Segmentation procedures and standard rating methods were used to measure WML, SI, and MB. Linear regression was used to test interactions between lesions on gait and postural stability, adjusting for age, sex, and total intracranial volume. Results-There were 395 participants (mean age, 72 years; SD, 7.0). SIs were predominantly located in subcortical frontal white matter and in deep gray structures, and MBs were largely lobar. Participants with SI or MB had higher WML volumes than those without (PϽ0.001 and Pϭ0.05, respectively). The presence of SI (P for interactionϭ0.01) or MB (P for interaction Ͻ0.01) magnified the adverse association of WML volume with gait. SI (P for interactionϭ0.02), but not MB, magnified the adverse association of WML volume with postural stability. Key Words: balance Ⅲ gait Ⅲ microbleeds Ⅲ silent infarcts Ⅲ white matter lesions C erebral white matter lesions (WMLs) are present in 90% of people aged Ͼ60 years. 1 Silent infarcts (SIs) are detected in the absence of a history of clinical stroke in 7.2% to 28% of the general population, mainly in subcortical locations. 2, 3 Cerebral microbleeds (MBs) are seen as hypointense lesions on gradient echo or susceptibility-weighted imaging. 4,5 They occur in 4.7% to 23.5% of the general population, frequently in lobar locations, 6,7 and may reflect amyloid angiopathy. These MRI lesions are manifestations of subclinical cerebrovascular disease and tend to occur together commonly. 8 The wide range of reported prevalence for these lesions reflects the different imaging techniques (CT or MRI) used or the magnetic strength and sequences used.
C erebral white matter lesions (WMLs) are present in 90% of people aged Ͼ60 years. 1 Silent infarcts (SIs) are detected in the absence of a history of clinical stroke in 7.2% to 28% of the general population, mainly in subcortical locations. 2, 3 Cerebral microbleeds (MBs) are seen as hypointense lesions on gradient echo or susceptibility-weighted imaging. 4, 5 They occur in 4.7% to 23.5% of the general population, frequently in lobar locations, 6, 7 and may reflect amyloid angiopathy. These MRI lesions are manifestations of subclinical cerebrovascular disease and tend to occur together commonly. 8 The wide range of reported prevalence for these lesions reflects the different imaging techniques (CT or MRI) used or the magnetic strength and sequences used.
Several studies have been conducted to study the associations of these lesions with cognition, 9,10 whereas much less work has been conducted with respect to motor functions. WMLs are associated gait and a greater risk of falls. 11 Although SIs are associated with poorer cognition and dementia, 12 fewer studies have been performed to examine their effects on gait and balance, also showing adverse associations. [13] [14] [15] There is emerging evidence that MBs may be associated with poorer cognition, but there has been only 1 study on their association with gait. 16 Importantly, most studies of these lesions have examined their associations independent of each other, whereas there is a good basis for considering that the presence of 1 type of lesion may promote the effect of the other given that they commonly coexist.
We hypothesized that a greater burden of SI or MB would modify the adverse association of WML with gait and postural stability in a population-based sample of older people.
Subjects and Methods

Sample
The sample consisted of 395 participants in the population-based Tasmanian Study of Cognition and Gait (TASCOG) conducted in Tasmania, the island state of Australia (2005) (2006) (2007) . Eligible participants were aged between 60 and 85 years inclusive and randomly selected from the Southern Tasmanian Electoral Roll, a comprehensive list of residents. Residents of nursing homes, those unable to walk unaided, and with contraindication to MRI were excluded. For this analysis, those with self-reported Parkinson disease (nϭ7) or epilepsy (nϭ9) and poor-quality images (nϭ2) were additionally excluded. A standardized interview was conducted to obtain a self-reported physician diagnosis of stroke, hypertension, diabetes, ischemic heart disease, and hypercholesterolemia. The Southern Tasmanian Human Research Ethics Committee approved the study.
MRI Scanning
MRIs of the brain were performed using a 1.5-T General Electric scanner with the following sequences: high-resolution T1-weighted spoiled gradient echo (repetition time, 35 ms; echo time, 7 ms; flip angle, 35°; field of view, 24 mm; voxel size 1 mm 3 ) comprising 120 contiguous slices; T2-weighted fast spin echo (repetition time, 4300 ms; echo time, 120 ms; number of excitations, 1; turbo factor, 48; voxel size, 0.90ϫ0.90ϫ3 mm); fluid-attenuated inversion recovery (repetition time, 8802 ms; echo time, 130 ms; time interval, 2200 ms; voxel size, 0.50ϫ0.50ϫ3 mm); and gradient echo (repetition time, 800 ms; echo time, 15 ms; flip angle, 30°; voxel size, 0.93ϫ0.93ϫ7 mm).
Burden and Location of Subclinical Cerebrovascular Lesions
WMLs were segmented by a semiautomated method described previously 11 with high reliability. In brief, this involved a conservative morphological segmentation and adaptive boosting classification applied to fluid-attenuated inversion recovery, T1-and T2-weighted scans followed by manual editing by a single operator. The presence of MRI infarct was determined by consensus between 2 stroke experts (T.P. and V.S.), defined as a hypointensity Ն3 mm in diameter on T1-weighted and fluid-attenuated inversion recovery images with a surrounding hyperintense rim on fluid-attenuated inversion recovery as stated in previous literature 2 with particular care taken not to misclassify perivascular spaces as infarcts. Participants with MRI infarct but no history of stroke were deemed to have SI. Infarcts were also segmented manually on axial slices of fluid-attenuated inversion recovery scans and a probabilistic infarct map was created by voxelwise averaging of the segmented infarcts in standard space using the SPM5 package. 17 Number and location of MB were identified by consensus between 2 experts (T.P., V.S.) as small, rounded hypointense lesions with clear margins and size ranging from 2 to 10 mm on gradient echo images using the Microbleed Anatomic Rating Scale. 18 WML volume, infarct volume, and total intracranial volume were computed using standard voxelcounting algorithms. All measurements were done blinded to age, sex, and outcome measures.
Gait
Gait was measured using a 4.6-m GAITRite system (CIR Systems Inc), an electronic carpet walkway with excellent validity against gold standard motion analysis. 19 The variables measured were speed (cm/s), distance divided by ambulation time; cadence (steps/min), number of steps in 1 minute; step length (cm), distance between heel-center of 1 foot to that of the opposite foot during gait; step width (cm), perpendicular distance from heel point of 1 footfall to the line of progression of the opposite foot; and double support phase (seconds), the time that both feet are in contact with the ground during a gait cycle (a measure of stability during gait).
Postural Stability
The short form of the physiological profile assessment 20 was used as an assessment of postural stability. The physiological profile assessment uses 5 sensorimotor measures of falls risk, namely visual contrast sensitivity, body sway, quadriceps strength, reaction time, and lower limb proprioception, to generate a standardized falls-risk Z-score measure for each participant using a computerized algorithm. 20 A greater Z-score indicates poorer postural stability and predicts risk of falling with 75% accuracy in community settings. 21 
Statistical Methods
The t test or 2 test was used to compare relevant characteristics between groups.
Because gait variables highly correlated to each other, gait variables (cadence, step length, step width, and double support time) were subjected to factor analyses to generate a single gait factor as in our previous work. 11 A standardized summary gait score was then computed from this gait factor for each participant using Thomson's regression method 22 with a lower gait score corresponding to a poor gait pattern (shorter steps, greater cadence, slower gait, wider steps, greater time spent on both feet during gait). Mean values of individual gait measures, summary gait score, and falls risk Z-score were compared between those with and without SI or MB using t tests. Multivariable regression was conducted with SI (presence or volume), MB (presence) and WML volume (continuous variable) as explanatory variables and either the gait score or falls risk Z-score as the outcome variable, adjusting for age, sex, and total intracranial volume. Two-way interactions were then examined by using the product terms SIϫWML volume or MBϫWML volume. Standard techniques were used to assess adequacy of model fit in regressions.
Results
The overall sample response rate in TASCOG was 55% (395 of 719). Nonresponders were more likely to be older and report a history of hypertension (both PϽ0.001). After applying exclusion criteria for this analysis and accounting for poor-quality scans, 351 participants were available for studying the associations of SI with 43 (12.2%) showing presence of SI, and 377 were available for studying the associations of MB with 26 (6.8%) showing the presence of MB (Figure 1) . Sample characteristics are shown in Table 1 . Compared with those without SI, participants with SI were older (mean age 76 versus 71 years, PϽ0.001), and were more likely to report prior diabetes (Pϭ0.007), coronary artery disease (Pϭ0.002) and hypercholesterolemia (Pϭ0.01), and hypertension (Pϭ0.11). Participants with and without MB were similar with respect to age and vascular risk factors. Participants with SI and MB had higher WML volumes compared with those without such lesions (PϽ0.001 and Pϭ0.05, respectively).
Distribution of SIs and MBs
Areas of highest infarct probability were the bilateral frontal subcortical white matter and deep gray structures (claustrum, putamen) and the insula (online-only Data Supplement Figure I ). A total of 53 MBs were identified among the 26 participants with these lesions (online-only Data Supplement Table I ). More than half (nϭ34) were located in the lobar regions with the rest in either infratentorial (nϭ9) or deep subcortical locations (nϭ10).
Effects on Gait and Postural Stability
Compared with those without SI, participants with SI had a significantly lower gait score (PϽ0.001) characterized by slower gait speed (PϽ0.001), shorter step length (PϽ0.001), greater step width (Pϭ0.03), longer double support time (PϽ0.001), and higher falls risk Z-score (Pϭ0.02; Table 2 ). Participants with MB had lower cadence (Pϭ0.006) and longer double support time (Pϭ0.03) but had similar falls risk Z-scores compared with those without MB. In multivariable regression after adjusting for age, sex, and total intracranial volume, the main effects of SI and MB on gait score and falls risk Z-score were nonsignificant (Table 3) . However, the product terms SIϫWML volume (Pϭ0.01) and MBϫWML volume (PϽ0.01) were both statistically significant when regressed against the gait score with SI and MB magnifying the adverse association of WML volume (Figure 2 ). The product term SIϫWML volume (Pϭ0.02) alone was significant when regressed against the falls risk Z-score with SI magnifying the association of WML volume (Figure 2 ). The findings were similar when SI volume was used as a variable instead of the presence/absence of SI.
Discussion
We found that the presence of SIs and MBs modified the adverse associations of WML with gait, whereas only SI modified the association of WML with postural stability in this population-based sample of older people. These findings highlight the need to consider the total burden of subclinical cerebrovascular disease at the same time as identifying those most at risk of gait decline and falls.
There is a reasonable body of evidence supporting the individual associations of such lesions with gait and balance. 11, 13, 23 However, the interactions between different types of subclinical cerebrovascular lesions have not been demonstrated before. Our findings suggest that, for a given burden of WMLs, a person with brain infarcts or MBs would be more likely to demonstrate gait difficulty or postural instability than a person without these lesions. An intuitive explanation for this would be that function may be more easily impaired because ofa greater load of brain injury, because these lesions commonly occur together in older people. A larger volume of WML may reduce brain reserve, setting the scene for earlier expression of gait or balance problems when the other lesions occur as well. WML and SI both affect subcortical structures important for the preservation of motor function. We have previously shown that the association of WML with gait in this sample may be explained by lesions in the anterior corona radiata, thalamic radiations, and other major association tracts, 24 potentially by disconnecting frontal-subcortical circuits. Our probabilistic infarct map suggests that SIs are also most likely to affect the frontal white matter as well as subcortical nuclei, further adding to injury in this strategic location. On the other hand, the mechanism underlying the contribution of MB to gait is not easily explained. The majority of MBs were lobar in distribution and only a few were found affecting key subcortical nuclei such as the thalamus. The load of MB was also not excessive with most people having only a few lesions, lessening the likelihood of direct injury. On the other hand, MBs may occur more frequently in people with dementia. 10 It is thus possible that MBs are markers for a parallel process of neurodegeneration, which can also be associated with poorer gait. Cerebrovascular lesions may also be directly associated with brain atrophy, which may have secondary effects on gait and balance. The lack of associations of MB with postural stability may be because ofeither a lack of sufficient number of lesions in locations important for balance (such as the cerebellum and subcortical structures) or alternatively because ofinsufficient sample power.
There are limitations to our study. Its cross-sectional design precludes assumptions of causality. The measurement of brain lesions is also not without its problems. Some lesions appearing as confluent WML may actually be infarcts in evolution, and later imaging may reveal this to be the case when cavitation is seen within the lesion. If this were the case, the phenomenon of interaction between WML and SI may be partially an artifact of measurement rather than true biological interplay between 2 potentially causal factors. This issue may be overcome by serial scanning over time to allow documentation of stability of the lesion or cavitation. However, risk factors and histopathology for WML, SI, and MB do not completely overlap suggesting that they may have distinct biological causes, and thus there is good plausibility for considering interactions between them. 25 Additionally, more complex modeling may reveal the relative effects of all 3 types of lesions when considered together, whereas we restricted our analyses to examining 2-way interactions between lesions at the same time as controlling for 1 lesion type. There are several strengths to our study. We studied a population-based sample, making our results more generalizable to the community of older people than would be the case in clinical samples. We used sensitive and comprehensive measurements of brain lesions, gait, and postural stability and adjusted for confounding by age, sex, and total intracranial volume in analyses.
In summary, we have demonstrated interactions between different subclinical cerebrovascular lesions on gait and postural stability in older people. This information is important at the same time as considering which older person may be at risk of future gait impairment or falls. 
SUPPLEMENTAL MATERAL
Supplemental Figure 1: Probabilistic Map of Silent Infarcts
The colour spectrum indicates probability of silent infarct location of our sample. Red indicates high probability with blue being low probability. The areas with the highest probability of Silent Infarcts were the bilateral sub-lobar and frontal sub-gyral white matter, claustrum, putamen and insula. Table 1 
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